Quanti®cation of the metabolic response aids in ascertaining the nature and extent of the energy requirements imposed by exercise. During high intensity exercise, virtually all of the energy is supplied by the net oxidation of glycogen while fat oxidation plays a more prominent role during lower intensity exercise. Therefore, the lower limit of carbohydrate required above resting needs is equal to the portion of the total energy cost derived from carbohydrate sources. There is no upper limit of additional carbohydrate intake that could be eaten to satisfy the extra caloric requirement since carbohydrate intake will restore any endogenous energy stores that were used during exercise, regardless of the intensity of exercise. The recommendation of a high carbohydrate intake to provide caloric balance in exercising individuals is supported by the observation that exercise performance at high intensity is improved by a high carbohydrate diet, and exercise performance at low intensity is relatively insensitive to the source of the caloric intake. Limited dietary studies are consistent with predictions based on the metabolic response. At exercise intensities below 65% VO 2 max, the percent fat and carbohydrate in the diet makes little difference on exercise performance, provided adequate time is allowed to adapt to a high-fat diet. On the other hand, exercise ability during high-intensity exercise is signi®cantly limited by a high-fat diet. A consideration of importance beyond the aspect of energy balance is the anabolic effect of insulin on muscle protein synthesis after exercise. Provision of carbohydrate after exercise is likely to stimulate muscle protein synthesis to a greater extent than a corresponding amount of fat. Dietary fats may offer practical advantages to the athlete but if fats are consumed at the expense of carbohydrate intake, many established bene®ts of high carbohydrate intake in terms of performance may be sacri®ed.
Introduction
There are very few studies directly investigating the effect of exercise on the optimal composition of diet. Therefore, quanti®cation of the metabolic response is probably the best approach to ascertaining the nature and extent of the energy requirements imposed by exercise. Carbohydrate utilization in response to endurance work has been investigated, yielding data from which rather precise recommendations, on a gram per kilogram body weight basis, can be made (Costill, 1988) . Similar research on lipid utilization and requirement is currently evolving and is creating some debate regarding whether fat or carbohydrate is of greater importance to the endurance athlete. The contribution of each of these substrates as fuel for exercise is dependent on a number of conditions.
Determinants of substrate utilization during exercise
When evaluating the metabolic response to exercise, it is necessary to consider the duration and intensity of exercise, as well as the training status of the individual (Holloszy & Kohrt, 1996) . Well-trained subjects exercising at low intensity effort (25% VO 2 max) rely almost entirely on an increase in fat oxidation to supply the necessary energy requirements. Fatty acids used for oxidation are derived primarily from plasma after having been released as a consequence of peripheral lipolysis. During moderate intensity exercise (65% VO 2 max), fatty acids from plasma decrease in their relative contribution to total energy expenditure, and the fatty acids derived from intramuscular lipolysis are about equally as important as plasma free fatty acids (FFA). Together, plasma and intramuscular fatty acids provide approximately 40% of the energy during exercise at 65% VO 2 max. Plasma glucose provides about 10% of energy at this intensity while muscle glycogen contributes approximately half of the energy supply at 65% VO 2 max. During higher intensity exercise (greater than 80% VO 2 max), intramuscular glycogen is the major source of energy. The rate of plasma FFA oxidation is actually decreased below the value at 65% VO 2 max, and intramuscular triglycerides become the major source of fatty acids for oxidation (Figure 1 ). Romijn et al (1993) observed a large increase in the rate of appearance of plasma FFA during recovery from high intensity exercise suggesting that mobilization of FFA during exercise may be limited by decreased perfusion of adipose tissue during high intensity work. Consequently, fatty acids released as a result of lipolysis are not released into the general circulation because of insuf®cient availability of albumin on which to bind. During recovery, they are washed out of adipocytes because of restoration of adipose tissue blood¯ow. A limitation in the availability of FFA may limit FFA oxidation to some extent during exercise but this apparently is only of minor importance. When plasma FFA concentrations were increased with intravenous infusions of long-chain triacylglycerols and heparin during exercise at 85% VO 2 max, fat oxidation was signi®cantly increased by 27% while carbohydrate oxidation decreased by 11% (Romijn et al, 1995) . However, rates of fat oxidation under these conditions were still suppressed relative to lipid utilization during exercise at moderate intensity, suggesting that factors in addition to plasma FFA concentrations attenuate FFA oxidation during highintensity exercise. The major limitation in FFA oxidation is likely due to a limitation of the transport of fatty acids into the mitochondria via carnitine acyl transferase I (Sidossis et al, 1996) . Therefore, during low intensity exercise, fat predominates as an energy substrate, whereas during high intensity exercise, carbohydrate metabolism dominates. Energy demands related to intensity and duration of exercise direct fuel selection during exercise to a certain extent. Level of physical conditioning (Kiens, 1997) and dietary in¯uences on substate availability (Coggan & Mendenhall, 1992) will also signi®cantly in¯uence the contribution from carbohydrates and lipids to the energy cost of exercise.
Endurance training results in physiological adaptations that enhance fuel mobilization and utilization. Studies assessing the effect of training on substrate oxidation during exercise in response to training interventions show decreased glycogen utilization (Karlsson et al, 1974) , reduced glucose turnover (Coggan, 1997) , and increased contribution of total lipids to energy costs after training (Hurley et al, 1986) . In untrained individuals, changes in the rate of carbohydrate and fat oxidation occur progressively over time during prolonged sub-maximal (40% VO 2 max) exercise. In contrast, trained individuals are able to maintain a relatively stable metabolic state for several hours of low intensity work (Klein et al, 1994) . Four hours of walking was supported primarily by fat oxidation (7.51 AE 0.26 mmolÁkg 71 min 71 ) in trained subjects exercising at 28% of their VO 2 max (Klein et al, 1994) . Unrained subjects working at the same absolute intensity also derived much of the energy cost from lipid sources (5.67 AE 0.51 mmolÁkg 71 min 71 ), although a lesser amount of intramuscular triglycerides contributed to the fuel mix in these subjects compared to the trained subjects.
Therefore, in those individuals who exercise habitually, the primary importance of the duration of exercise with regard to energy needs is related to the total amount of work done. In this regard, adaptations which result in decreased reliance on carbohydrates during exercise do not necessarily translate to decreased dietary carbohydrate requirements. This observation is based on the fact that total carbohydrate utilized by the athlete still likely exceeds that used by an untrained individual even if the percentage of carbohydrate as a contributing fuel to exercise is decreased by training.
The need for carbohydrate can be considered a requirement since endogenous stores are relatively limited and can be depleted by an exercise bout of suf®cient intensity and duration (Hargreaves, 1991) . Adequate carbohydrate must be eaten to replete muscle glycogen stores after strenuous exercise since carbohydrate or glycogen cannot be synthesized from fat. The importance of meeting the carbohydrate requirement relates to the positive association between carbohydrate availability and endurance performance (Costill & Hargreaves, 1992) . A similar argument that fats, and intramuscular triglycerides in particular, are equivalently utilized in prolonged, submaximal exercise, has been presented (Pendergast et al, 1996) . Furthermore, it is proposed that intramuscular triglycerides, like glycogen, represent a necessary and limited fuel source and, as such, can be depleted by exercise and replenished via the diet (Lambert et al, 1997) . Studies that quantify substrate stores and costs in trained, exercising individuals provide some basis on which to assess carbohydrate vs fat requirements.
Energy stores and utilization
The energy cost of an exercise bout, and the contribution from carbohydrate and lipid to the total cost, can be estimated from measures of oxygen consumption (VO 2 ) and CO 2 production (VCO 2 ). Stable isotopic tracers of glucose, lipids, and related metabolites have been used in recent investigations to identify the source and turnover of substrates more speci®cally (Klein et al, 1994; Romijn et al, 1993; Wolfe et al, 1990) . Carbohydrate utilization in a marathon-type running protocol (26.2 miles on treadmill at 75% VO 2 max) was determined in trained runners by gas exchange measures (O'Brien et al, 1993) . Total carbohydrate oxidized was 575 AE 10 g, exceeding the estimated total glycogen reserves (475 g) in these subjects. While glycogen stores were likely underestimated, carbohydrate clearly was the predominant fuel used in this protocol. Based on averaged respiratory exchange ratios (0.91) from several studies, it is estimated that carbohydrates supply $ 70% of the caloric cost of a marathon while the remaining 30% is derived from lipids (O'Brien et al, 1993) . More extreme endurance events, such as the Tour de France, involve a lower average intensity of work associated with the much greater duration of exercise. Westerterp and colleagues (Westerterp et al, 1986) measured energy expenditure in ®ve cyclists during this competition using the doubly labeled water technique and determined that energy requirements for these athletes were $ 8600 kcalsad. Due to the variable intensity and duration of this type of exercise, it is dif®cult to determine precisely the cost of exercise in terms of grams of carbohydrate and lipid utilized. Assuming that carbohydrates and fats contributed equally to energy needs, it can be estimated that 1075 g of carbohydrate and 478 g of fat were required per day to match expenditure. Obviously, glycogen stores and Physical exercise as a modulator of adaptation SL Miller and RR Wolfe plasma glucose must be supplemented with dietary carbohydrates to meet this demand. Total lipid stores, on the other hand, would exceed this requirement four-fold even in an extremely lean individual (Table 1 ). In contrasting the composition of substrates utilized and the rates at which they are oxidized during the performance of various activities to the availability of carbohydrate and lipid stores in the average individual, it is clear that adequate fat is stored to easily meet the energy demands of any type of exercise.
Some investigators have asserted that lipid availability is limiting in exercise because of the importance of the intramuscular triglyceride pool and its relatively limited volume (Muoio et al, 1994; Pendergast et al, 1996) . However, information to support this viewpoint is limited and makes the issue of muscle triglyceride depletion somewhat hypothetical. Total muscle triglycerides are dif®cult to quantify due to variability in distribution betwen speci®c muscle groups, speci®c muscle ®bers, and the fact that much of intramuscular triglyceride is not situated within individual muscle cells (Van der Vusse & Reneman, 1996; Frayn & Maycock, 1980) . If maximum available energy from this source is estimated to be 3600 kcals (400 g), and assuming 100% reliance on these stores, then certain endurance events could conceivably deplete intramuscular triglycerides. In reality, energy requirements during very low intensity exercise (20 ± 30% VO 2 max) are met primarily by plasma FFA (Romijn et al, 1993) and would therefore be unlikely to deplete muscle triglycerides regardless of the duration of exercise. High intensity exercise is characterized by decreased utilization of muscle-derived FFAs relative to amounts used in moderate intensity exercise (Van der Vusse & Reneman, 1996) . Therefore, the potential for muscle triglycerides to be limiting in terms of substrate availability appears to be greatest with prolonged exercise between 50 ± 65% VO 2 max (Figure 1 ). Lipid depletion and repletion in skeletal muscle following a marathon was determined in 10 trained athletes (Staron et al, 1989) . The volume percentage of intramuscular triglyceride decreased 42% immediately post-marathon and continued to drop another $ 10% over 3 d following the event despite intake of 30% of dietary calories as fat. Levels approached pre-marathon concentrations within 7 d, following a time course of repletion similar to muscle glycogen. While the study demonstrates that intramuscular triglyceride stores can be diminished and replenished in a manner similar to glycogen, total use during exercise and recovery never exceeded 50% of the stored amount. Therefore, whereas muscle triglyceride stores can be decreased appreciably in exercise requiring moderate to high effort over a prolonged period, total depletion is not likely approached.
Metabolic adaptation to high-fat intake
While the evidence does not appear to support a speci®c need for dietary lipid in terms of maintaining availability, the notion that a relatively high lipid intake will enhance mobilization and utilization of fat and thereby optimize these metabolic pathways during exercise must be addressed. Studies in which fat and carbohydrate intake are manipulated by dietary interventions of varying duration (24 h ± 7 w) attest to the¯exibility of the metabolic system and demonstrate physiological adaptations suited to available fuels. Dietary interventions can alter fuel utilization directly by modifying substrate availability (Coggan & Mendenhall, 1992) or by exerting in¯uence on transport and enzyme systems responsible for mobilization and oxidation of speci®c fuels (Jansson & Kaijser, 1982; Kiens et al, 1983) . Adjustment of macronutrient intakes can elicit shifts in plasma and muscle substrates in as few as 12 h. Starling et al (1997) observed signi®cantly increased concentrations of muscle glycogen and lower concentrations of muscle triglycerides within one day after athletes followed a 120 min cycling bout with a high carbohydrate diet (83% carbohydrate, 5% fat) consumed over 12 h. Conversely, muscle glycogen decreased and intramuscular triglycerides increased in a separate trial when a high fat diet (16% carbohydrate, 68% fat) was consumed following exercise. Interventions in which fat intake comprised between 50 ± 85% of caloric intake for durations of 5 d ± 7 w also showed decreased muscle glycogen and increased muscle triglycerides as well as increased plasma FFA's, increased beta-hydroxy butyrate, and lower plasma lactate levels (Helge et al, 1996; Muoio et al, 1994; Phinney et al, 1983; Starling et al, 1997) . Resting blood glucose levels typically did not differ due to diet (Helge et al, 1996; Phinney et al, 1983; Starling et al, 1997) . Correspondingly, resting insulin values were not signi®-cantly altered by dietary intervention although insulin action could be expected to vary between individuals consuming a high fat diet vs a high carbohydrate diet (Cutler et al, 1995; Rosholt et al, 1994) . Few studies report profound hormonal shifts in response to dietary intervention, although one investigator noted an enhanced norepinephrine response to exercise in high fat trials (Helge et al, 1996) .
Substrate shifts observed in response to exercise in trained and untrained subjects eating high fat diets included decreased utilization of glycogen, increased triglyceride utilization, attenuated lactate response, increased plasma FFA, and increased glycerol (Helge et al, 1996; Starling et al, 1997) . These shifts clearly illustrate a decreased reliance on carbohydrate and greater oxidation (Helge et al, 1996; Starling et al, 1997) . This observation re¯ects a greater use of lipids during exercise when consuming a high fat diet although this diet-related difference does not persist at higher intensity exercise ( b 90% VO 2 max) (Lambert et al, 1994) . While high fat diets can alter available substrates at rest and during exercise, these in¯uences do not exceed the capacity for exercise intensity to dictate which fuels will support exercise. A less immediate response to high fat intake involves enzymatic adaptations which may occur at several points throughout the pathway of lipid metabolism. Fisher et al (1983) found increased carnitine palmityl transferase activity and decreased hexokinase activity in trained subjects following a ketogenic high-fat diet for four weeks. No change related to diet was noted in glycogen phosphorylase, malate dehydrogenase, or lactate dehydrogenase. These ®ndings led the authors to speculate that the ketogenic diet inhibited muscle glycogen utilization and facilitated transport of lipid substrate to the site of fatty acid oxidation. Lipoprotein lipase activity was reported to increase after four weeks of high fat intake in a study by Kiens et al (1983) , suggesting another means by which FFA uptake by muscle can be enhanced by diet. Enzymes involved in FFA oxidation can also be in¯uenced by diet. b-hydroxyacyl CoA dehydrogenase activity was increased in subjects after seven weeks on a diet providing 62% of calories as fat and 21% as carbohydrate. However, no additive effect on enzyme activity was seen with inclusion of endurance training in the intervention (Helge & Kiens, 1997) . One of the more extreme and frequently cited high fat trials was conducted by Phinney et al (1983) . Phinney contends that the reported inability to maintain or enhance endurance performance on a high fatalow carbohydrate intake is attributable to failure to allow adequate time on a high fat diet for physiological adaptations to evolve. His study describes the metabolic response and subsequent effect on endurance performance in trained subjects after four weeks on a ketogenic diet. While the diet was high in fat, it was also very low in carbohydrate ( b 20 gad) and, as such, can be compared to another dietary intervention that severely restricts carbohydrate intake while increasing fatty acid availability and utilization. Prolonged fasting elicits a substrate pro®le similar both at rest and following exhaustive exercise to that observed following adaptation to a high fat diet (Table 2) . Given the comparable metabolic response to fasting and to a high fat diet, it appears that carbohydrate availability, or lack thereof, may be a more important determinant of substrate selection during exercise than dietary fat.
Macronutrient intake and endurance performance
It is evident from high fat feeding studies that subjects respond metabolically in a manner that facilitates use of lipid as an energy source both at rest and in certain types of exercise. Dietary adaptations that enhance fat metabolism, in combination with training-induced shifts in fat utilization, could theoretically better support endurance capacity and present a case for a greater emphasis on fat intake in the athlete's diet. In practice, optimal endurance performance in trained and untrained individuals consuming a high percentage of calories as fat has not been convincingly demonstrated (Table 3 ). Phinney's study showed no difference in times cycling to exhaustion at 60 ± 65% VO 2 max whether athletes followed a high fat, ketogenic diet or a eucaloric, balanced diet for four weeks. Two studies have shown improved endurance following high fat intake. In a study by Lambert et al (1994) , trained cyclists performed endurance trials after two weeks adaptation to a randomly assigned high carbohydrate diet (High-CHO: 73% CHO, 12% fat, 13% protein) or high fat diet (High-Fat: 7% CHO, 67% fat, 25% protein). Performance trials involved ®ve supramaximal tests, a Wingate test for muscle power, and a cycling bout to exhaustion at 90% of VO 2 max. Subjects were then allowed to rest for 20 min before starting a second trial to exhaustion, this time at an intensity corresponding to 60% of VO 2 max. Nutrient composition of the diet had no in¯uence on muscle power or mean performance times during high-intensity cycling despite signi®cantly lower starting muscle glycogen levels when subjects ate a High-Fat diet. Times to exhaustion during moderate intensity exercise were almost doubled after high fat intake (79.7 AE 7.6 min) compared to high carbohydrate (42.5 AE 6.8 min). The signi®cance of these ®ndings is somewhat dif®cult to determine given the complication of preceding the moderate intensity trial with power tests and a high-intensity exercise bout. Also, the difference in performance times during high intensity cycling was not statistically signi®cantly different (8.3 AE 2.3 min vs 12.5 AE 3.8 min for High-Fat and High-CHO respectively), but a difference of $ 4 min in favor of 
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carbohydrate supported exercise would likely be quite signi®cant in competition. Another complicating factor in the study was the varied protein composition of the two diets (13% and 25% for High-CHO and High-Fat, respectively) which may have provided an alternative source of carbohydrate in the high fat condition via deamination of excess amino acids. Muoio et al (1994) investigated the effect of modest dietary alterations on performance in trained runners by decreasing their normal percentage of carbohydrate intake from 60 ± 50% of total calories then increasing it to 73% of energy intake. Fat intake was adjusted to provide 38% of calories in the`fat diet' (F) and 15% of calories in the`carbohydrate diet' (C). Endurance capacity was assessed by a prolonged treadmill run (75 ± 85% VO 2 max to exhaustion) after subjects consumed the F diet for seven days and again after seven days on the C diet. Endurance was signi®cantly increased following the F diet leading the authors to conclude that fat availability related to diet appeared to be a stronger determinant and supporter of endurance capacity than carbohydrate availability in these trained runners. Weaknesses in the study design, including non-randomized treatment order and provision of calories in excess of subjects' normal intake by the experimental diets, along with the fact that data from only four subjects were available for the F trial, limit the validity of these ®ndings. Also, the range of fat intake assessed was at or below the normal amount of fat intake in the western diet and therefore could not be considered high-fat'.
While the authors of these two studies concluded that endurance capacity was enhanced by low carbohydrateahigh fat intakes, concerns regarding aspects of individual research protocols indicate the need to substantiate these ®ndings.
Recent studies investigating the relationship between fat intake and performance have employed cross-over designs and self-paced endurance tests of`time trials' to further explore the extent to which macronutrient intake can in¯uence endurance capacity. The interaction of training and diet was explored in a study (Helge et al, 1996) in which 20 untrained men underwent a supervised endurance training program (cycling 3 ± 46week at 50 ± 80% maximal aerobic capacity) while consuming either a high fat (High-Fat: 21% carbohydrate, 62% fat, 12% protein) or a high carbohydrate diet (High-CHO: 65% carbohydrate, 20% fat, 15% protein). At the start of training and after seven weeks, subjects performed an endurance cycling trial at $ 80% VO 2 max. Subjects in the High-Fat group switched to the High-CHO diet during the eighth intervention week while subjects in the High-CHO group maintained the high carbohydrate diet. All subjects continued the training program. Endurance times were signi®cantly greater for the High-CHO subjects compared to times attained by subjects eating the High-Fat diet (102.4 AE 5 vs 65.2 AE 7.2 min for High-CHO and High-Fat, respectively). After switching to the High-CHO diet for one week, the High-Fat group impoved endurance times relative to their seven week trials but still did not attain performance times comparable to the High-CHO group. Starling et al (1997) demonstrated a decrement in self-paced cycling performance when atheletes were provided high fat meals (three meals over 12 h) prior to a time trial compared to performance when the time trial was preceded by high carbohydrate meals. Both short-term (12 h) and long-term (7 w) dietary interventions resulted in hindered endurance capacity when intensity was self-determined (Starling et al, 1997) and when the altered diet was introduced along with training (Helge et al, 1996) .
In summary, it appears that the limited dietary studies are consistent with predictions based on the metabolic response. At exercise intensities below 65% VO 2 max, the percent fat and carbohydrate in the diet makes little difference on exercise performance, provided adequate time is allowed to adapt to a high-fat diet. On the other hand, exercise ability during high-intensity exercise is sign®cantly limited by a high-fat diet.
Diet-related mechanisms of improved performance
Many variables, physiological and psychological, factor into athletic performance thereby making it dif®cult to ascertain the basis for improvements or decrements in endurance in a research protocol. Glycogen availability is a plausible mechanism for improved endurance in athletes with high carbohydrate intake given the literature demonstrating the same (Costill & Hargreaves, 1992) and the observation that high fat diets result in diminished glycogen stores (Helge et al, 1996; Phinney et al, 1983) and, in some trials, hindered performance (Helge et al, 1996; Starling et al, 1997) . In general, total amounts of glycogen used during endurance trials are greater for subjects ingesting high carbohydrate diets, although rates of glycogen utilization are not consistently shown to be dependent on diet. Subjects in Phinney's study utilized $ 90 mmol glucose per kilogram of muscle during an endurance test following a balanced diet compared to only 20 mmol glucose kg 71 muscle after a ketogenic diet. Since endurance times were not signi®cantly different between trials, this difference amounted to a 21% reduced rate of glycogen utilization during exercise in subjects following a high fat diet. Athletes in another cycling trial (Lambert et al, 1994) oxidized less carbohydrate in a moderate-intensity test to exhaustion after two weeks on a high fat diet compared to the amount utilized after a high carbohydrate diet. In contrast, rates of glycogen utilization were similar during endurance trials in a study by Helge et al (1996) in spite of signi®cantly higher pre-trial glycogen stores in the High-CHO group compared to the High-Fat group. Total glycogen use was greater in subjects consuming High-CHO diet because time to exhaustion was almost double for these subjects compared to the High-Fat group. Fatigue in the High-Fat group, therefore, may have been related to earlier glycogen depletion. The fact that diet did not in¯uence the rate of glycogen utilization in this study, while it appeared to in other studies, is probably related to the higher intensity used in this protocol (80% VO 2 max vs 60 ± 65% VO 2 max). Interestingly, subjects who switched from High-Fat to High-CHO diet appeared to`supercompensate' glycogen storage and started as well as ®nished the cycling trial with higher glycogen stores than the High-CHO group. Endurance times, however, remained signi®-cantly shorter for this group compared to times achieved by the group who trained while consuming a high-carbohydrate diet. This observation implies that factors additional to immediate glycogen availability contributed to greater endurance capacity in the High-CHO trained subjects. The discrepancy could re¯ect a function of training such that the High-CHO group was able to exercise at a higher intensity throughout the training period and, consequently, were more ®t after seven weeks compared to the other group. This effect of increased level of ®tness may have then predominated over the effect of a short-term change in the diet. Although it appears that trained and untrained individuals can maintain endurance performance at low to moderate intensity irrespective of diet composition and glycogen availability, a diet low in carbohydrate appears to compromise the intensity at which exercise can be sustained.
Long-term consequences of high-fat diet
The long-term outcome of a high fat or low carbohydrate diet is ultimately important to the athlete and his performance. While moderate intensity exercise of`ultra-endurance' type events may be supported in the short-term by energy suf®cient diets that are low in carbohydrate, higher intensity training and competition is likely to suffer with minimal carbohydrate intake. Of greater signi®cance to the athlete are the long-term consequences of a high fat diet with particular regard to maintenance of lean body mass. There are several ways in which a high fat, low carbohydrate diet could compromise protein utilization and impact negatively upon the athlete's efforts to maintain strength and lean body mass throughout training. Decreased glycogen stores are consistently demonstrated in subjects consuming low carbohydrate diets (Coggan & Mendenhall, 1992) . Several investigators reported indices of accelerated protein breakdown in response to endurance exercise in athletes who were glycogen depleted vs glycogen repleted (Bazarre et al, 1992; Lemon and Mullin 1980; Wagenmakers et al, 1991) . If the endurance athlete continues training in a chronic glycogen-depleted state, negative changes in body composition could result over time. Carbohydrate in the diet also appears to improve protein utilization in non-exercise conditions. Dietz & Wolfe (1985) reported signi®cantly more positive nitrogen balance in young male adolescents consuming energy de®cient diets containing protein and glucose as compared to the nitrogen balance observed with an isocaloric protein and fat diet. While these diets were hypocaloric, the ®ndings suggest that carbohydrate better supports protein balance than fat. Aside from compromising glycogen stores, high fat, low carbohydrate diets have been shown to induce insulin resistance in both rats (Rosholt et al, 1994) and humans (Cutler et al, 1995) . Rosholt et al (1994) investigated the mechanism of insulin resistance induced by feeding a high fat diet in rats and found that while glucose transporter concentration was not altered by diet, speci®c activity of transporters was hindered by a high-fat diet. Even after acute exercise, glucose uptake was lower in high-fat fed rats compared to rates of uptake measured in rats consuming a high carbohydrate diet. Effects of a lowcarbohydrate, high-fat diet on insulin sensitivity and intracellular glucose processing in physically active males was studied (Cutler et al, 1995) . After three weeks of consuming a diet that provided 8% of calories as carbohydrate, 75% as fat, and remainder as protein, subjects exhibited a decrease in mean fasting serum insulin levels and a decrease in glucose oxidation in the basal state. In contrast to ®ndings from other studies, these authors did not note a decrease in glucose rate of disappearance after the high-fat diet intervention. They did report a strong positive correlation between aerobic capacity and insulin-stimulated glycogen synthesis following the low carbohydrate diet, a ®nding that led to the conclusion that physical conditioning is capable of in¯uencing the metabolic impact of dietary carbohydrate restriction. Aspects of protein utilization have been largely ignored in studies exploring the metabolic outcome of high fat, low carbohydrate intakes in trained and untrained subjects. Based on observations from studies of altered protein metabolism and insulin sensitivity following high fat intake, there is cause for concern over the long-term in¯uence of high-fat diet on protein utilization in the athlete.
Upper and lower limits of carbohydrate intake in the physically active individual
The upper limit of carbohydrate that should be eaten to satisfy the extra energy requirements of exercise is 100% of the calories expended above and beyond the amount of calories for daily life. This is because carbohydrate can replete glycogen stores depleted during the exercise, and there is no speci®c requirement for fat during high intensity exercise because virtually all of the energy is supplied by the net oxidation of glycogen stored either in the liver or muscle. During lower intensity exercise, fat oxidation plays a more prominent role, but carbohydrate intake can indirectly replete fat stores via inhibition of fatty acid oxidation. Therefore, there is a theoretical advantage to supplying the extra caloric requirement with as high a percentage of carbohydrate as possible since, regardless of the intensity Physical exercise as a modulator of adaptation SL Miller and RR Wolfe of exercise, carbohydrate intake will restore any endogenous energy stores that were used during the exercise. Furthermore, the long-term anabolic action of insulin, released in response to carbohydrate intake, will improve mucle strength via stimulating muscle protein synthesis. The recommendation of a high carbohydrate intake to provide caloric balance in exercising individuals is supported by the observation that exercise performance at high intensity is improved by a high carbohydrate diet, and exercise performance at low intensity is relatively insensitive to the source of the caloric intake.
The lower limit of carbohydrate required above resting needs is equal to the portion of the total energy cost derived from carbohydrate sources. The percentage of carbohydrate-derived energy is related to intensity of exercise (Figure 2 ) and the total energy cost is a function of both intensity and duration. In trained individuals, the proportional contributions of the various energy substrates to energy metabolism remain relatively constant. Therefore, recommendations for carbohydrate intake speci®c to energy requirements above resting needs can be made on a percentage-basis of energy intake rather than grams required. For example, if 70% of the energy cost of exercise at moderate to high intensity is obtained from carbohydrate (glucose and glycogen), the minimal carbohydrate intake should be 70% of the energy necessary to match the caloric expenditure of exercise. There is no minimal amount of fat needed to replete triglyceride stores.
The total carbohydrate requirements of the athlete (resting energy expenditure plus physical activity costs) include obligatory glucose requirements at rest and carbohydrate oxidized during exercise. Glucose needs of certain organs do not vary widely and a minimum requirement for the brain is $ 100 gad. As discussed previously, the amount of carbohydrate utilized during exercise depends on duration and intensity. Therefore, fairly accurate estimates of the minimum grams of carbohydrate required to satisfy total substrate needs on a daily basis can be determined. The minimal percentage of total calories composed of carbohydrate will be dependent upon daily caloric requirement. For example, rapid walking for 2 h at moderate intensity might cost an individual 1000 kcals whereas walking at the same speed for 1 h might cost 500 kcals. If carbohydrate comprised 50% of the substrate utilized, the longer workout would burn 125 g of carbohydrate while the shorter workout would use $ 63 g of carbohydrate. The total minimum carbohydrate needed to replenish stores for the day of the long workout and short workout would thus be 225 g and 163 g, respectively, when the exercise requirement is added to the basal requirement. Assuming the individual requires 2000 kcalsad for resting energy expenditure and activities of daily living, then performing the exercises would increase the total daily caloric requirement to 3000 kcals for the 2 h workout and 2500 kcals for the 1 h workout. Minimum carbohydrate intake should then comprise 30% and 26% of the diet on long and short exercise days, respectively. These calculations illustrate that a fairly low carbohydrate diet can serve to meet the minimum carbohydrate requirements even in individuals exercising for as much as 2 h per day at relatively moderate intensity. We have focused almost exclusively on the minimal and maximal amounts of carbohydrate intake. This is because there is no requirement for fat intake per se. Therefore, the limits of carbohydrate intake also de®ne the limits for fat intake. Dietary fats may offer practical advantages to the athlete in terms of caloric density, satiety, and palatability and, as such, do not necessarily need to be restricted in the athlete's diet. However, if fats are consumed at the expense of carbohydrate intake, many established bene®ts of high carbohydrate intake in terms of substrate metabolism and performance may be sacri®ced. Physical exercise as a modulator of adaptation SL Miller and RR Wolfe
